. 2016. Trade-offs between ecosystem services and alternative pathways toward sustainability in a tropical dry forest region. Ecology and Society 21 (4) ABSTRACT. The design of strategies aimed at sustainable resource management requires an understanding of the trade-offs between the ecosystem services at stake, to determine appropriate ways in which to navigate them. We assess trade-offs between forage production for cattle ranching and the maintenance of carbon stocks or tree diversity in a Mexican tropical dry forest. Trade-offs between pairs of services were assessed by identifying their efficiency frontiers at both site and landscape scales. We also estimated service outcomes under current and hypothetical land-management conditions. We found stark trade-offs between fodder and carbon stocks and between fodder and tree species richness at the site scale. At the landscape scale, the efficiency frontier was concave, with a much less pronounced trade-off in the fodder-species richness case. Our estimates of current service supply levels showed a reduction of 18-21% for C stock and 41-43% for fodder biomass, relative to the maximum feasible values along the efficiency frontier. Choice of the optimum management strategy to reduce such inefficiency depended on deforestation level: secondary forest regeneration was most suitable when deforestation is low, whereas increased fodder productivity in the pastures is best when deforestation is high. Pasture enrichment with forage trees and secondary forest growth are potential management alternatives for achieving sustainability given the range of enabling ecological factors and to balance ecological and social sustainability given the requirements and preferences of local stakeholders. Given that analogous trade-offs are found across the tropics, this work contributes to reconciling tropical forest maintenance and its use for sustainable rural livelihoods.
INTRODUCTION
Humans often enhance the delivery of provisioning services at the cost of reductions in regulating or supporting ones (Rodríguez et al. 2006 , Raudsepp-Hearne et al. 2010 . In tropical dry forest (TDF) regions, landowners often clear their forest and establish pastures for cattle ranching (Burgos and Maass 2004 , Sánchez-Azofeifa and Portillo-Quintero 2011) because livestock constitutes a private commodity, which is tradable in established markets from which short-term net returns can be obtained, but also because livestock functions much like a "savings account" that can be used to obtain cash for financial emergencies (Gerritsen et al. 2007 , Casas et al. 2008 . However, forest clearance causes greenhouse gases emissions (Achard et al. 2014) , imbalances in local and regional climate regulation (AndersonTeixeira et al. 2012) , loss of biodiversity and related services (de Albuquerque et al. 2005 , Soto 2009 ), and reduced soil productivity (Maass et al. 1988 . All of these effects are related to the loss of regulating or supporting services, most of which are public goods (McKean 2000) for which landowners are not economically compensated or which have longer return times.
Management of transformed landscapes for continued service supply without compromising regulatory or support services, including biodiversity, remains a challenge (Polasky et al. 2008 , Tallis et al. 2008 , Brown and Mumby 2014 , Gilroy et al. 2014 ). Identification of trade-offs and synergies among services is of central importance to this aim (Raudsepp-Hearne et al. 2010 , Ruijs et al. 2013 . For example, maintenance of carbon stocks and biodiversity, two of the most important services provided by tropical dry forest landscapes , PortilloQuintero et al. 2015 , depends on the interplay between trade-offs at the local scale driving deforestation and socioeconomic factors at landscape or regional scales that act to modulate forest clearance. At the local scale, the growth of exotic grasses on which cattle feed is not compatible with the reduced sunlight available in the forest understory (Beale 1973, Sircely and Naeem 2012) . Thus, forests are cleared to increase grass productivity. However, given the low revenues from cattle ranching, limitations of labor availability, and the reliance on multiple economic activities by rural families (Lambin et al. 2003) , clearing does not dominate the entire landscape. Moreover, small landowners value the conservation of some portions of their forest for alternative sources of fodder and forest products (Harvey and Haber 1999, Barrance et al. 2003) and for the contribution of the forest to the maintenance of life (Castillo et al. 2005) . Identifying and quantifying such trade-offs is therefore crucial to advance the design of management strategies aimed at balancing local private and regional or global public benefits.
A conceptual framework within which to assess trade-offs between ecosystem services has been recently developed by Cavender-Bares et al. (2015) . The trade-off between two services can be described using an efficiency frontier, which is the combination of maximum feasible values that can be obtained for the two services under the current biophysical and management conditions. The current condition of the system in relation to this optimal condition, i.e., its current efficiency, can be assessed, allowing identification of pathways associated to particular management practices and the ecological and social factors that enable or prevent the system from moving toward or along this frontier .
We applied the framework in this study to assess trade-offs among services in a tropical dry forest region in western Mexico. We used http://www.ecologyandsociety.org/vol21/iss4/art45/ data from a long-term social-ecological research site (Castillo et al. 2005 , Maass et al. 2005 , Martínez-Ramos et al. 2012 ) and a simulation approach to assess trade-offs among cattle production, carbon stock maintenance, and biodiversity conservation at both site and landscape scales. We asked the following specific questions: (1) what is the nature of the trade-offs between cattle production, carbon stock maintenance and biodiversity conservation at site scale? (2) how do these trade-offs change when comparing site and landscape scales? and (3) how efficient is the current landscape configuration for delivering those services? Finally, we discuss alternative management conditions and associated pathways with higher potential for sustainability based on discussion of the ecological and social factors that enable or inhibit each pathway.
METHODS

Study region
This study is focused on the area surrounding the ChamelaCuixmala Biosphere Reserve (CCBR) on the Mexican Pacific coast (19°23′02″-19°36′51″ N, 104°56′07″-105°03′36″ W; Fig. 1 ). Mean annual temperature in the region is 24.6 °C and mean annual precipitation is 788 mm. Precipitation is strongly concentrated between November and May (García-Oliva et al. 2002) . The predominant landforms are hills and flatlands, accounting for ~89% and 11% of the landscape, respectively (Castillo et al. 2005) . The hills have moderately to extremely steep slopes and nutrient-poor soils (Cotler et al. 2002) on which tropical dry forest occurs . The flatlands include floodplains and valleys along the main rivers and seasonal streams, with more profound, nutrient-rich soils on which tropical semievergreen forests occur . Although the territory of the CCBR has been dedicated to strict conservation and scientific research purposes since 1993, adjacent areas have been transformed to different degrees by agricultural activities over the last 50 years (Maass et al. 2005) . Peasants have slashed and burned parts of their land to grow crops on the flatlands and to establish pastures for cattle ranching on the hills (Burgos and Maass 2004, Cohen Salgado 2014) . However, pastures are sometimes abandoned and then covered by secondary forest, which can be used along with remnant oldgrowth forests for timber, stakes and firewood extraction, as well as cattle ranching (Rendón-Carmona et al. 2009 , Cohen Salgado 2014 .
Ecosystem services assessed
We assembled a dataset of 55 sites, located within and around the CCBR, for which fodder availability (used here as a proxy for cattle production), above-ground carbon stocks, and tree species richness (used as a proxy for biodiversity) were estimated (Martínez-Harms 2010, Quijas 2012 . The sites all featured one of three different land-cover types: active pastures (28), secondary forests (14), and old-growth forests (13), all present under biophysical conditions in which TDF had historically existed. The management regime of pastures ranged from those established only 1-3 years prior to the study with no posterior maintenance, to those established 30 years previously that had been subjected to repeated slash and burn events . The secondary forests ranged from sites with short tree canopies (≈ 2 m), to forests with a structure and composition similar to that of old-growth forests. The oldgrowth forests included sites subjected to extraction of forest products or cattle browsing and sites under regimes of strict conservation within the reserve (Martínez-Harms 2010, Quijas 2012 .
Fodder availability was approximated as the biomass of all the plants < 1 cm in diameter at breast height (DBH) within 1 m² plots, averaged from 2, 3, and 5 samples per site (in 19, 12, and 24 sites, respectively, depending on the data source). In pastures, this biomass is composed mainly of exotic grasses, whereas in oldgrowth and secondary forests, it is composed by a large diversity of native herbs, small shrubs, and tree seedlings typical of the forest understory (Maza-Villalobos et al. 2011; M. R. OcampoDominguez 2012, unpublished manuscript) . This definition includes the plant layer that is most actively consumed by cattle; because of the lack of data, it does not include the leaves and fruits (especially pods) consumed by cattle above 1 m from ground level or when fallen. Samples were oven-dried to determine dry mass. We reported the average biomass per site.
Above-ground carbon stock (hereafter C stock) was estimated from tree (all of the live shrubs and trees ≥ 1 cm DBH) and fodder components. For the tree component, tree censuses were taken using two plot sizes: 400 m² square plots (19 sites), and 1000 m² rectangular plots (36 sites). For the first plot size, individuals of > 1.0, > 2.5, and > 0 cm. The diameter at breast height were measured within nested plots of 25, 100, and 400 m², respectively. For the second plot size, individuals > 1.0, > 2.5, and > 10.0 cm DBH were measured within nested rectangular plots of 500, 1000, and 1800 m². Above-ground living tree biomass was estimated using an allometric equation that relates tree biomass to DBH (Martínez-Yrízar et al. 1992) . Fodder biomass was estimated as http://www.ecologyandsociety.org/vol21/iss4/art45/ described above. Biomass of the tree and fodder components was transformed to C stocks using corresponding carbon concentration values (Jaramillo et al. 2003) .
Tree species richness was estimated using the same tree censuses. To render our estimations of the number of species comparable among sites, we used a standardization approach known as rarefaction (Gotelli and Colwell 2001) , which accounts for differences in tree density and sampling protocols among sites. For sites with more than 30 individuals > 2.5 cm DBH in the census (27 sites), rarefaction was performed using vegan library for R (Oksanen et al. 2011 ). For sites with less than 30 individuals (28 sites, all of them current pastures with less than 10 individuals), the observed tree species richness was used.
Trade-offs assessment
We defined efficiency frontiers for both site and landscape scales to assess the trade-off between fodder availability and aboveground carbon stocks or tree species richness .
Site-scale trade-offs
At site scale, we defined the carbon stock-fodder and tree diversity-fodder efficiency frontiers as the upper limits of their bivariate data clusters using the data from the 55 sampled sites. We used a simple, heuristic approach, which consisted of fitting a four-parameter logistic function to the data cluster such that no data point lies above the curve formed by the function:
This function defines the efficiency frontier as presenting a sigmoidal decay form. Serv front is the value of C stock or species richness on the frontier as a function of Fodder. The sum of Serv min and Serv max provides an estimate of the asymptotic initial value of Serv front as fodder approaches its minimum. Parameter b defines the rate of decay, with parameter a defining the fodder values at which the inflexion occurs. Finally, Serv min defines the asymptotic minimum value of Serv front as fodder increases toward its maximum.
Selection of the most adequate parameter estimates was performed through repeated fitting following a numerical optimization procedure. We first fitted the function for 10 4 parameter combinations (10 initial values for each parameter) using the "nls2" package with the "brute-force" approach in R (R Development Core Team 2015). We then selected the fits for which the residuals were all negative, i.e., all the points lie below the line. Finally, we selected the fits for which the sum of residuals was above the 99 th percentile, i.e., those minimizing the overall distance between the points and the line. The resulting range of values for the parameters in those fits was used to define subsequent initial values for the next fitting round. The process was repeated until the difference between the sums of residuals from subsequent models was less than 1%.
Two different fits were run for each data cluster. The first fit included all data points (the complete data fit), whereas the second excluded the most extreme 5% of C stock and species richness values, to eliminate the effect of extreme values (the 95 % data fit). To identify such extreme data, we subdivided fodder range into three percentile categories (0-33%, 36-66%, and 67-100%) and excluded the highest C stock and species richness values within each category.
Landscape-scale trade-offs
Landscape was defined as an area of ~477 km² that included the CCBR (~132 km²) and an adjacent area within a 5 km buffer (~345 km²), where most of the 55 sites were located. This buffer area was calculated by assuming that the reserve polygon is a perfect rectangle of 20.0 x 6.6 km. The landscape was subdivided into 0.24 ha plots, because this was the unit in which the data for calculating species richness was available.
We assessed the shape of the efficiency frontiers at the landscape scale by simulating a step-wise landscape deforestation process. This simulation included only two land cover types: old-growth forest and pastures. Although we acknowledge that secondary forest constitutes an important land cover type in the region, it was not included as an alternative choice for inferring the efficiency frontier because insufficient data on species incidence exist for this purpose. We also assumed that the landscape comprised hilly areas only, where fodder production is concentrated (Maass et al. 2005 ).
Prior to initiating the simulation, we assigned fodder and C stock values under both old-growth forest and pasture land covers to each plot. Because we attempted to define the efficiency frontier, values were assigned randomly from normal distributions defined by the highest fodder and C stock values observed among 52 of the 55 sampled sites (points above the 95% data curve were excluded). The highest values were defined as those above the third quartile for each service and cover type combination. Their mean and standard deviation values were used to define normal distributions (Table 1) . We checked that the assigned values were all below the 95% data frontier. When this was not the case, we coerced the value by using the frontier function to estimate the corresponding C stock for its assigned fodder level.
Species composition could not be assigned following the same criteria because we had a limited number of sites per cover type from which to adequately estimate species occurrence probabilities. Instead, for old-growth forests, we used published data on the species composition of 21 0.24 ha old-growth forests plots accounting for 144 tree species (Durán et al. 2006 ) and calculated the probability of presence for each species within a plot. We then defined the presence/absence of a species in a plot using those probabilities and a random number generator: each time the random number (between 0 and 1) was equal or greater to the actual probability of presence of the species, it was designated as present, otherwise it was considered absent. The procedure was repeated for all 144 species and for all the plots across the landscape. For pastures, neither our own data (small sample size) nor other available data (Durán et al. 2006) were adequate for assessing species composition. We therefore did not include pastures in the quantification of species richness in the landscape.
Simulation of the step-wise deforestation process began with a landscape completely covered by old-growth forest. Plots were randomly assigned at locations within or outside the CCBR. The simulation proceeded such that the plots outside the reserve were Ecology and Society 21(4): 45 http://www.ecologyandsociety.org/vol21/iss4/art45/ deforested first. Only after the landscape outside the reserve was completely converted to pasture, were plots within the reserve considered eligible for deforestation. Plots with potential deforestation were selected on the basis of their ratio of gain in fodder per unit of carbon loss when transformed from old-growth forest to pasture. During each simulation step, the 10% of the remaining old-growth forest plots with the highest ratio were deforested. Simulation ended when all the landscape was converted to pasture. This procedure allowed us to find the exact frontier for the C stock-fodder case. For the species-fodder case, however, the procedure generated only an approximation to the exact frontier.
After each simulation step, we calculated landscape-scale fodder, C stock, and species richness values. Fodder and C stock values were calculated by simply adding their plot-level values (as a function of the land cover of the plot) across all the plots. Landscape-level species richness was defined as the number of species present in at least 1/21 of the plots across the landscape (9455 plots), which corresponds to the minimum species presence probability from Durán et al. (2006) . Such a probability implies population sizes of around 10,000 reproductive individuals within the studied area, given tree densities and minimum tree size for flower production in the region (Bullock 2002a , b, Durán 2004 ). We consider that this level of adult density would be adequate to maintain viable populations of any tree species.
Finally, landscape efficiency frontiers were defined by plotting the values for landscape C stock and species richness as a function of fodder. The simulation process was repeated 1000 times. Because results from the different draws were very similar, only mean values are presented. All of the analyses were undertaken using R software (R Development Core Team 2015).
Current landscape fodder supply and C storage
We estimated the current landscape-level fodder supply and C stock maintenance based on two independent estimates of current deforestation across the landscape outside the CCBR. A "low deforestation" estimate of 17% deforestation across the landscape was derived from interpretation of satellite imagery (Sánchez-Azofeifa et al. 2009) . A "high deforestation" estimate of 61% of the landscape deforested was calculated from the reported perceptions of the landowners regarding deforestation (Sánchez-Azofeifa et al. 2009 , Cohen Salgado 2014 .
Within each deforestation scenario, plots were randomly assigned as being covered by forest or pasture. Forest plots were assigned to old-growth or secondary forest cover based on their proportional contribution to total forest cover. We relied on a coarse estimation of secondary forest coverage derived from thirty different landowners' perceptions about the different types of covers present on their properties (F. Mora, unpublished data). A total of 36% of the forest was estimated as being secondary, i.e., sites that were previously clear-cut for agricultural purposes and then abandoned. Plots within the CCBR were always assigned to old-growth forest cover. Following land cover definition, we assigned each plot its current fodder and C stock values, using a procedure analogous to that previously described for defining the landscape-level frontier. The mean and standard deviation estimates for fodder and C stocks used are provided in Table 1 . Such parameter estimates were calculated from all of our data, using sites located outside the CCBR; they are assumed to be representative of the current forest and pasture management condition in the region (forest used for cattle ranching and extraction of forest products). We calculated current landscapelevel fodder supply and C-stock maintenance for each of the two deforestation estimates by aggregating the corresponding plotlevel values for each service across the whole landscape.
Finally, we assessed how different management activities could drive the landscape service supply toward the efficiency frontier by simulating three hypothetical but feasible, socially desirable, management scenarios (always assuming no further land cover change):
. Secondary forest regeneration allowed: secondary forests reach their maximum C stock and fodder values (Table 1) by allowing regrowth, whereas old-growth forests and pastures continue to be used under current conditions.
. Pasture management through continued current practices: pasture plots are managed through current landowners' practices known to increase fodder productivity, such as repeated slash and burn events, so that the observed fodder values attain their maximum (Table 1) after three decades of continued management .
. Secondary forest regeneration and pasture management through continued current practices: this is a combination of the two previous management conditions.
We did not assess current species richness at the landscape scale given the data limitations in terms of adequately estimating species occurrence probabilities under both old-growth (not http://www.ecologyandsociety.org/vol21/iss4/art45/ under conservation) and secondary forest sites, especially considering the existence of successional niches among tropical trees and the rapid change in species composition along succession in this TDF (Letcher et al. 2015 .
RESULTS
Plot-level trade-offs
We found strong trade-offs between fodder and C stock, and between fodder and species richness, at the site level. The exclusion of the 5% most extreme data clearly modified the position of the frontiers, particularly for C stock, although it did not qualitatively change their shape (Fig. 2) . A step decrease in both C stocks and richness was found at fodder values ~2 Mg ha -1 for the 95% data fit. The efficiency frontier then stabilized at 5.6 Mg C ha -1 and at 4 species ( Table 2 ). The maximum attainable C stock (Serv min + Serv max ) dropped from 42.3 to 33.4 Mg ha -1 after the exclusion of extreme data, and richness decreased from 23.0 to 19.3 species (Fig. 2b, Table 2 ).
Fig. 2.
Plot level efficiency frontiers between (a) fodder and C stock in the above-ground living biomass of trees, and (b) fodder and rarified tree species richness for tropical dry forests and pasture sites within and adjacent to the Chamela-Cuixmala Biosphere Reserve. The fitted efficiency frontiers derived when using the complete dataset are indicated by discontinuous lines, and the efficiency frontier derived when excluding the most extreme 5% of C stock or species richness data (hollow points) are indicated by continuous lines. Old-growth forests had the highest values of C stock and the lowest fodder values, whereas pastures showed the opposite trend (Table 1) . Secondary forest showed reduced C stocks in relation to old-growth forests and a slight increase in fodder availability (Fig. 2a , Table 1 ). The same general pattern was found for species richness, although secondary forests showed similar or even higher richness than old-growth forests (Fig. 2b) . C stocks and richness were highly correlated (Spearman rho = 0.87, S= 3710, P < 0.001; Appendix 1).
Landscape-level trade-offs
Trade-offs at the landscape level were much less pronounced than those at the plot scale. The shape of the landscape-level efficiency frontier for fodder and C stock was slightly concave (Fig. 3a) . Along the efficiency frontier, the maximum C stock was 1.47 Tg when the landscape was completely covered by old-growth forests, and associated with a minimum fodder value of 41.8 Gg (point "a" in Fig. 3a) . The reserve accounted for 37.9 % of this maximum C stock (0.56 Tg C; point "d" in Fig. 3b ). Under complete deforestation, only 14.2% (0.21 Tg C) of the C stock was conserved, and a maximum value of 382 Gg of fodder was reached (point "e" in Fig. 3a) .
The efficiency frontier for fodder and woody species richness was strictly concave (Fig. 3b) . The maximum number of species estimated along the frontier for the whole landscape was 135 and was found under complete forest cover (point "a" in Fig. 3b ). The biosphere reserve plays a significant role in conserving such diversity because an average of 87 species (64% of maximum value) is conserved solely by the reserve if maximum efficiency is assumed (point "d" in Fig. 3b ). No species were found under complete deforestation because we did not include pastures in the quantification of species richness at the landscape scale (point "e" in Fig. 3b ).
Landscape-level current fodder and C stocks
Along the efficiency frontier, the two current deforestation estimates were associated with contrasting levels of C stocks at the landscape scale. Between 10.2% and 37.4% of the C stock was lost under low and high estimates of current deforestation, respectively (Fig 3a, points "b" and "c") . In contrast, no difference in species richness along the frontier was observed between deforestation estimates; in both cases a reduction of only 14 species (10.4%) from the maximum species richness was observed (Fig 3b, points "b" and "c") .
Current landscape-level fodder availability and C stock were found to be far from their optimal condition. Under low deforestation, 57 Gg of fodder and 1.04 Tg of C stock were estimated to be provided by the entire landscape (Fig. 3a , point "b curr "), corresponding to 58.9% and 79.0% of values along the Ecology and Society 21(4): 45 http://www.ecologyandsociety.org/vol21/iss4/art45/ Fig. 3 . Landscape-level efficiency frontiers between (a) fodder and C stock in above-ground living biomass of trees, and (b) fodder and rarified tree species richness for the ChamelaCuixmala Biosphere Reserve and adjacent areas within a five km buffer. The black continuous line depicts the efficiency frontier when deforestation goes from a completely forested (point a) to a completely deforested landscape outside the CCBR (point d). The discontinuous portion represents the continued efficiency frontier if deforestation extends within the reserve until deforestation of the whole landscape (point e). Points b and c represent the maximum efficiency for low (17%) and high (61%) current deforestation estimates, respectively. Filled points (bcurr and ccurr) are estimates of current service supply under such current deforestation estimates and current management conditions. Other filled symbols represent service supply values under hypothetical management conditions: secondary forest regrowth allowed (diamonds), maximum pasture (triangles), and secondary forest regrowth allowed plus maximum pasture efficiency (triangles). Current service estimates and those under hypothetical management conditions consider that 36% of the forest is secondary.
frontier (Fig. 3a, point "b") . Under high deforestation, 121 Gg of fodder and 0.75 Tg C were estimated (Fig. 3a, point "c curr " ), corresponding to 57.0% and 82.0% of the values along the efficiency frontier (Fig. 3a, point "c") .
All three management scenarios assessed were associated with shifting current service supply toward the landscape-scale efficiency frontier, although the relative effect of each depended on deforestation condition. Secondary forest regrowth was related to a greater increase in C stocks under low deforestation (0.09 Tg C) than under high deforestation (0.04 Tg C; Fig. 3a) , while causing only marginal changes in fodder values (< 1 Gg). In contrast, increased pasture efficiency increased fodder supply by 31.2 and 87.0 Gg under low and high deforestation estimates, respectively. Carbon stocks also increased under this scenario, with 0.01 and 0.04 Tg C added under low and high deforestation estimates, respectively. The increase in C stocks for the high deforestation estimate was therefore the same under secondary forest regrowth and increased pasture efficiency scenarios (Fig.  3a) . The combination of both management strategies substantially improved both fodder supply and C storage, particularly under the high deforestation estimate, for which the resulting distance to the frontier was shorter when compared to the lower deforestation estimate (Fig. 3a) .
DISCUSSION
Efficiency frontiers at two spatial scales
The striking differences in the form of the efficiency frontier between site and landscape scales suggest the existence of differential processes underpinning service supply at contrasting spatial scales. The convex efficiency frontiers found at the plot scale most probably reflect the role of light as a limiting resource for plant growth. Forest clearance is currently a requirement for increased fodder availability of introduced, light-demanding grasses, as the steep decline in C stocks and species richness at low fodder levels suggests. Furthermore, if shrubs and trees are allowed to grow on pastures, a rapid recovery of the canopy cover occurs in just a few years (Lebrija-Trejos et al. 2008 . Increased canopy cover reduces light availability in the understory (Lebrija-Trejos et al. 2011 , Pineda-García et al. 2013 ), thereby excluding those grasses. Peasants are clearly aware of this trade-off and invest time, energy, and money in periodic slash and burn of their pastures to avoid the growth of woody species (Burgos and Maass 2004, Trilleras et al. 2015) . Because species richness is partially related to individual density (Gotelli and Colwell 2001) , the strong reduction in tree density associated with forest clearance also implies a steep decline in tree species richness.
The change in shape of the efficiency frontier when scaling to the landscape arises from both the manner in which services are aggregated across sites and from differences in the level of service supply redundancy among these sites. Carbon storage is not a redundant service, i.e., the loss of C storage through forest clearance in some plots is not compensated by keeping other plots forested. The efficiency frontier for C stocks therefore reflects the way plots are selected for deforestation: the typical concave curve arises from first deforesting those plots with the highest pasture productivity and the lowest carbon loss. An analogous process has been used for defining other efficiency frontier curves (Polasky et al. 2008 . The fact that the curve is only slightly concave is due to the relatively similar fodder gain to carbon loss ratios across plots. The more pronounced concavity in the case of the species richness frontier occurs because this is a redundant service, i.e., remnant forests buffer the loss of species Ecology and Society 21(4): 45 http://www.ecologyandsociety.org/vol21/iss4/art45/ throughout most of the deforestation process. Only when an important portion of the forest has been lost does the proportion of plots in which species are present fall below the defined extinction threshold. Such patterns have also been described for other terrestrial and aquatic environments (Polasky et al. 2008, Brown and Mumby 2014) .
Our data confirm the well-known trade-off between forest conservation, which accounts for most of the C storage and species richness, and the livelihood of the peasants that depend on deforestation and livestock production (Cohen Salgado 2014 , Salmerón 2015 . Nevertheless, cattle ranching provides very low economic benefits in this area and can even cause economic losses to the peasants (Salmerón 2015) . Continued cattle ranching may be sustained by the rationale that livestock is perceived as a "savings account," a useful source of ready cash in the case of financial emergencies (IFAD 2004 , Gerritsen et al. 2007 , Casas et al. 2008 , or by some kind of historical "inertia" following decades of governmental programs promoting livestock production (Maass et al. 2005, Borrego and Skutsch 2014) and for cultural reasons related to social prestige or respect for being "rancheros" (Shadow 2002 , Gerritsen et al. 2007 ). The result is that, as deforestation has advanced, the public benefit of C storage has been lost, sometimes without obtaining the private benefit of economic returns from livestock production. Alternatives aimed at reducing the strength of the observed trade-offs and increasing economic revenues to households are urgently required.
Limits to current service supply
We found that service supply at both site and landscape scales is clearly below the maximum feasible levels described by the shape of the efficiency frontier. Both the biophysical characteristics of the area and the current management regime contribute to this pattern. The heterogeneity of the landscape caused by the topographical gradients in soil moisture availability contributes to important differences in C stocks (Jaramillo et al. 2003) , fodder , and species richness across sites. Poor pasture maintenance may lead to reduced fodder supply, especially in sites with higher productivity that require more frequent burns to foster pasture growth and prevent woody encroachment . Furthermore, C stocks were found to be higher in the old-growth forests within the reserve than in those outside of the reserve, possibly due to forest degradation from the extraction of forest products and cattle grazing (Burgos and Maass 2004, Cohen Salgado 2014) . Similar degradation issues are present across other tropical dry forest regions (Chaturvedi et al. 2012 , Ribeiro et al. 2015 .
Temporal lags in the response of services to natural disturbances or human interventions can also explain nonefficient supply levels. When two services are trading off, achieving the maximum level of the preferred service commonly implies a time lag associated with reconfiguration of the biophysical basis on which such services depend. This could be the case with forage production, which has been found to increase as pastures get older . A much longer time lag occurs for the recovery of C stocks through forest regeneration from human disturbances: it takes an average of 66 years to attain values comparable to those of the conserved forest (Poorter et al. 2016 ).
The historical lack of coordination between different government programs that promote conflicting land management objectives may also prevent achieving sustainability. Cattle-ranching programs have encouraged forest conversion to pasture (Maass et al. 2005, Griscom and Ashton 2011) . On the other hand, current environmental programs, such as payment for environmental services (PES) or the establishment of protected areas, limit the use of resources and still promote a "do not touch" management approach. The simultaneous and uncoordinated implementation of these policies in the territory encourages peasants to develop inefficient management practices.
Increasing service supply through alternative management strategies Our simulations suggest that the degree of landscape transformation should be considered in the selection of the management strategy aimed at increasing service supply. Under low deforestation, permitting the complete recovery of secondary forests through succession shifts service supply closer to the efficiency frontier. High forest recovery rates in the region enable such an alternative , Poorter et al. 2016 ). However, secondary forests are commonly cleared again for pasture establishment. Financial mechanisms like REDD+, which explicitly account for C savings and biodiversity benefits from deforestation avoidance (Phelps et al. 2012) , could encourage secondary forest regrowth by providing an alternative household income (Borrego and Skutsch 2014) .
In contrast, the best option for moving toward the efficiency frontier under high deforestation conditions seems to be increasing pasture productivity. In the Chamela-Cuixmala region, increased pasture productivity is currently achieved through a higher frequency of slash and burn events , although it could come at the cost of long-term negative effects on nutrient cycling, soil nutrient stocks, and fodder quality (Lawrence et al. 2007 , García-Oliva and Jaramillo 2011 . Alternatives for increased livestock production in the tropics include pasture enrichment with native forage trees. This has proven to be successful in other regions with similar climatic conditions (Barrance et al. 2003 , Dagang and Nair 2003 , Murgueitio et al. 2011 and is being tested (C. Gonzalez, personal communication) or has already been implemented by some of the peasants in the Chamela-Cuixmala region (F. Mora, personal observation). Also, its adoption is favored under high deforestation scenarios (Kaimowitz and Angelsen 2008) . Furthermore, the presence of native forage trees would increase C stocks and favor tree diversity in pastures without compromising fodder supply (Barrance et al. 2003, Dagang and Nair 2003) , therefore softening their local trade-off.
When used in combination, intensification of pasture production and permitted secondary forest regeneration can significantly contribute to increasing service supply and to reduce trade-offs between forest maintenance and people's livelihoods (Latawiec et al. 2015) . Interestingly, our simulations suggest that this does not take service supply to the efficiency frontier. The management regime of old-growth forests is also at stake. When old-growth forests are subjected to timber extraction and cattle grazing within the forest, a reduction takes place in both carbon stocks and species richness (Chaturvedi et al. 2012 , Ribeiro et al. 2015 . Secondary and old-growth forests are the most important sources http://www.ecologyandsociety.org/vol21/iss4/art45/ of fodder when pastures are depleted, and timber extraction may contribute to family income (Cohen Salgado 2014 , Salmeróln 2015 . Preventing or reverting forest degradation is thus key to reaching the efficiency frontier. The role of forest degradation is increasingly being addressed by REDD+, and its financial incentives are perceived by the peasants as suitable for preventing and reverting forest degradation (Skutsch et al. 2015) .
Addressing the trade-offs documented here through changes in management regime and technologies faces the additional challenge that the peasants' methods of managing their land have been deeply entrenched over time. Communicating and promoting the adoption of new ideas is the seed with which to foster social change (Rogers 2003) . Dissemination of the still few local alternative management experiences, along with sharing results from scientific studies regarding sustainable ecosystem management, are now taking place through workshops, field experiments, and collaborative projects between the peasants and scientists. Strengthening the existing social network and opening more spaces for information exchange seem to be the pathways to satisfy peasants' needs and secure their livelihoods while simultaneously maintaining tropical dry forests in such conditions that their capacities to supply ecosystem services, including C storage and biodiversity, are not irreversibly damaged.
CONCLUSIONS
Under the efficiency frontier framework, achieving sustainability is related to moving service supply toward the efficiency frontier, with the particular position along the frontier defined by the needs, preferences, and values of stakeholders . By applying this framework to the analysis of service supply in a tropical dry forest landscape, we have shown that, although strong trade-offs between forage production for cattle and carbon stocks maintenance or species conservation exist, it is still possible to increase the supply of these services from their current suboptimal level by modifying the management of both pastures and forests.
Allowing full recovery of secondary forests while enriching pastures with native forage trees emerge as ideal management options by which to increase carbon storage, promote landscapescale biodiversity conservation, and sustain rural livelihoods. For this purpose, economic incentives to maintain current forest cover (and therefore C stocks and biodiversity conservation), along with technical support for alternative management practices should be given priority. The prevalent trade-offs between forest maintenance for carbon storage and biodiversity and rural livelihoods that occur in the tropics can be addressed through technological changes and support from financial incentives. The insights gained here contribute toward the sustainability of tropical landscapes.
Responses to this article can be read online at:
http://www.ecologyandsociety.org/issues/responses. php/8691
